Statically adsorbed or covalently coupled capillary coatings are of crucial importance in capillary electrophoresis-mass spectrometry for the separation of peptides and proteins. So far, published coating strategies and commercially available coated capillaries have a limited pH-stability so that the analysis at strongly acidic pH is limited, or harsh rinsing procedures for biological sample analysis cannot be applied. We here present a capillary coating based on Si-C linkages to N-acryloylamido ethoxyethanol (AAEE) with a new synthetic strategy including LiAlH 4 surface reaction. We optimized the coating method with emphasis on stability and reproducibility applying harsh rinsing procedures (strong acid, strong base and organic solvent), using the electroosmotic mobility and separation efficiency of tryptic peptides as performance measure. Complete synthesis is performed in less than 2 days for up to 8 capillaries in parallel of more than 16 m total length. Intra-and inter-batch reproducibility were determined regarding electroosmotic mobility, separation efficiency and migration time precision in CE-MS separations of tryptically digested bovine serum albumin. Coating stability towards rinsing with strong acid (1 mol/L HCl), organic solvent (acetonitrile) and strong base (1 mol/L NaOH) was investigated. Outstanding performance was found for single capillaries. However, inter-capillary reproducibility is discussed critically. The new coating was successfully applied for reproducible CE-MS separation of large proteins in diluted serum, medium-sized peptides and small and highly charged polyamines in fish egg extracts using a very acidic background electrolyte containing 0.75 mol/L acetic acid and 0.25 mol/L formic acid (pH 2.2).
Introduction and motivation
Capillary-based separations of proteins are often performed using background electrolytes (BGE) containing non-volatile phosphate, borate or zwitterionic buffers, sometimes with polymer additives or detergents [1] [2] [3] [4] [5] . The latter act as dynamic coatings and thus prevent the adsorption of analytes on the silica surface. For hyphenation with MS, volatile BGEs such as ammonium and low-weight carboxylic acids, predominantly formic and acetic acid, are crucial [6] . These compounds lack self-coating abilities so that appropriate capillary coating strategies to realize separation of peptides and proteins are required. Prominent capillary coatings are e.g. polyvinyl alcohol (PVA) [7] , poly(diallyldimethylammoniumchloride) [8] [9] [10] , polybrene [8, [11] [12] [13] or successive multiple ionic layer-coatings (SMIL) [6, [14] [15] [16] . Capillaries with PVAcoating are commercially available but their applicability is restricted regarding pH of the BGEs. A pH range from 2.5 to 9.5 is recommended by the manufacturer (product information by Agilent Technologies, Waldbronn, Germany). The use of rinsing procedures for capillary regeneration with concentrated acid or base solutions [17] strongly reduces capillary lifetimes.
In recent years, fewer studies addressing novel or improved syntheses for capillary coatings suitable for peptide and protein separation were published. Most research considering the performance and stability of various capillary coatings was published between 1990 and 2005 [2, 8, 10, 18, 19] . However, there is still a lack of robust neutral capillary coatings, which can stand harsh BGE or cleaning conditions including very high or low pH and organic solvents. Screening the literature, our attention was caught by a study using covalently bound N-acryloylamido ethoxyethanol (AAEE) as a monomer for a neutral, covalently bound capillary coating, which was shown to offer high separation efficiency for intact proteins in CE-UV [2] and high pH stability towards hydrolysis whilst being strongly hydrophilic preventing protein adsorption [2, 20] . Hydrolytic inertness of polymeric AAEE itself is remarkably high; only slow degradation occurs in 1 mol/L sodium hydroxide solution at 70°C [21] .
To access the full potential of this polymer, successful covalent binding to the surface is crucial. Starting from a silicium hydride (Si-H) species, Chu et al. presented Speiercatalytic linkage of allyl methacrylate to the surface, followed by grafting through of AAEE [22] . Generally, the formation of a silica surface with Si-H functionality is possible via 4 prominent approaches as presented in Fig. 1a : (a) Silanol linkage of silanol precursors to an existing silica surface, also referred to as "silanization process", the new surface groups involve bridged Si-O-Si-H; (b) transformation of surface silanol groups into Si-Cl groups followed by reduction with an inorganic hydride (direct formation of Si-H from Si-OH); (c) preparation of a new poly hydro siloxane network from hydrolyzable precursors, which has the chemical composition (HSiO 3/2 ) n [29] ; (d) chemisorption of hydrogen onto a pyrolytically activated (methyl) silica surface [23] [24] [25] . Approaches (c) and (d) were not investigated in this work due to technical limitations; for (c), it would have been necessary to build a capillary from silica precursors; for (d), the capillary would have had to be heated to 600-800°C, which would destroy the outer polyimide coating. The focus of this work was on approach (b) due to the intrinsically higher hydrodynamic stability of the silica species compared to silanol linkages (approach (a)) in the resulting coating, as we elaborate in the following.
Sandoval et al. [27] described the differences in Si-H surfaces formed with respect to the molecular surface of the capillary and considered the following aspects: (i) a bare fused silica surface consists of a dense and packed surface layer with a large number of Q 3 -groups (Si surrounded by four O and three further Si (see Fig. 1b ). (ii) Turning Q 3 groups into T 3 groups (Si surrounded by three O and three further Si (see Fig. 1b) ), e.g. to Si-Cl or Si-H, can easily be performed and it is assumed that this reaction proceeds to completeness (see Fig. 1a , Scheme b). Subsequent modifications of these surfaces via hydrosilylation [27, 30] , via Grignard reagents [31, 32] or via organolithium intermediates [33] are supposed to yield surfaces void of residual silanol groups. In the following, this approach is referred to as "direct linkage". (iii) Surface modification via silanol chemistry, see Strategy a) in Fig. 1a , is assumed to leave a number of residual silanol groups proportional to the steric hindrance of the attached substituent -the larger the substituent, the higher the number of residual silanol groups [27] . At first sight, this difference between approaches (a) and (b) is not easy to understand. The main reason for the lower residual silanol group population found for coatings prepared via direct linkage is, that T 3 groups are barely formed via silanol chemistry due to steric aspects. Instead, for silanol chemistry, T 2 and T 1 (see Fig. 1b ) groups are formed preferentially. These are less stable towards hydrolysis, so not only a higher number of residual silanol groups are present but also inferior stability at high or low pH [27, 28, 34] . Higher μ EOF values can thus be expected for coatings synthesized via silanol chemistry. Furthermore, an increase in EOF velocity and a decrease in performance when using aqueous BGEs is expected, when extreme pH values are chosen.
Chu et al. [22] used silanol chemistry with expectable inferior stability, although the same group presented the formation of Si-H via approach (b) as a superior alternative to silanol chemistry before [35] . For both, silica particles and polyacrylamide-coated capillary surfaces, approach b) was presented to result in surfaces with splendid properties regarding degradation, even at extreme pH values [19, 22, [36] [37] [38] [39] . When optimizing our synthetic approach starting with this procedure, we experienced problems with reproducibility of the coating process. Thus, we here describe the optimization of the coating process and the stability of the capillaries coated with AAEE towards rinsing with strong base and acid (1 mol/L NaOH or HCl), demonstrating excellent performance. A technical innovation allows us to simultaneously coat up to 8 capillaries of 2.1 m in length each.
Materials and methods

Instrumentation, chemicals and methods
Capillary electrophoresis
Fused silica capillaries with an inner diameter of 50 μm and an outer diameter of 365 μm were purchased from Polymicro (Kehl, Germany). If not stated otherwise, capillaries had a length of approx. 65 (batch 2) or 75 cm (batch 1) and an inner diameter of 50 μm (smaller differences in length were present, when clogging at the capillary tips necessitated cutting). For CE analysis, an Agilent 7100 CE system (Agilent, Waldbronn, Germany) with UV detection was used. For the determination of the electroosmotic mobility (μ EOF ), the detection wavelengths were 210 nm and 280 nm with a spectral width of 10 nm and a reference wavelength of 360 nm. To decrease measurement times for EOF determination, caffeine-double injection was performed as follows: rinsing the capillary with BGE (here 30 mmol/L aqueous NH 4 OAc, pH 6.8) for 3 min with 1 bar followed by injection of a 1 g/L aqueous caffeine solution containing 10% BGE for 5 s at 100 mbar. A voltage of + 30 kV was applied for 2-5 min (with higher times in case of lower EOF) prior to another injection of caffeine solution for 5 s at 100 mbar. Hydrodynamic mobilization at 100 mbar for 10 min yielded 2 signals in the electropherogram allowing to calculate electroosmotic mobilities, μ EOF [40, 41] .
MS parameters for CE-MS measurements are described below. For CE-MS, measurements were performed as follows: rinsing the capillary with aqueous BGE (here: 0.75 mol/L acetic acid and 0.25 mol/L formic acid at pH 2.2, see also Pattky et al. [42] ) for 3 min with 1 bar followed by sample injection for 5 s at 100 mbar (tryptically digested BSA, see "Instrumentation, chemicals and methods") and separation for 15-20 min at + 30 kV with an additional pressure of 10 mbar. Injection of samples was performed hydrodynamically at various conditions. For protein samples, additional preconditioning Fig. 1 a Established methods for the formation of an Si-H surface: (a) modification of an existing silica surface using silanol chemistry [2] , (b) transformation of Si-OH into Si-Cl using thionyl chloride followed by reduction to Si-H using LiAlH 4 , (c) preparation of a new bulk material using sol-gel chemistry starting from silanol species exhibiting desired Si-H-groups, (d) chemisorption of hydrogen onto a pyrolytically activated (methyl) silica surface [23] [24] [25] . b Nomenclature of relevant silica species [26] . Highest hydrolytic stabilities are assumed for high numbers of attached silicium atoms and various organic substituents. For T species the trend proposed for their hydrolytic stability is T 3 >T 2 >T 1 >T 0 [27, 28] . R': arbitrary substituent (organic or silica), R: organic substituent with 50 mmol/L aqueous HCl was performed. During measurements at + 30 kV, an additional pressure of 100 mbar was applied to show the suitability of the method for quick screening. Coated capillaries were conditioned prior to their first run by flushing with BGE for 10 min followed by application of + 30 kV voltage for 5 min. After use, capillaries were consecutively rinsed 3 min with phosphate-buffered saline (PBS), 2 min with water and 2 min with air, each at 1 bar.
Mass spectrometry
A quadrupole time-of-flight mass spectrometer 6550 (QTOF 6550) from Agilent (Santa Clara, CA, United States) with a sheath liquid interface from Agilent (Agilent Technologies, Waldbronn, Germany) was utilized by implementing an Agilent isocratic pump 1260 (Agilent Technologies, Waldbronn, Germany) at a flow rate of 5 μL/min. A jetstream electrospray ionization (ESI) source was operated with a nebulizer pressure of 275 and 345 mbar, for coated and noncoated capillaries, respectively. The drying gas temperature was 150°C delivered at a flow rate of 11 L/min. A fragmentor voltage of 175 V was applied. Skimmer voltage was set to 65 V and octopole voltage to 750 V. The mass range was 100-3000 m/z with a data acquisition rate of 2 spectra/s. A 1:1 (v/v) mixture of 2-propanol/water was used as sheath liquid, containing 0.1% formic acid, as well as three selected spiked calibrants for internal calibration (Agilent Technologies, Waldbronn, Germany, m/z = 121.0508, 322.0481 and 922.0097).
During stability tests of capillary coatings, corrosion of the sprayer needle would occur whilst rinsing with 1 mol/L HCl and 1 mol/L NaOH, if the sprayer would be mounted inside the source. Therefore, the sprayer tip with the capillary mounted was placed in a solution of 50 mmol/L NH 4 OAc during rinsing with acid and base.
Chemicals
Lysozyme (chicken egg white), β-lactoglobulin (bovine milk), carbonic anhydrase (bovine erythrocytes), bovine serum albumin (BSA, bovine serum), sodium chloride (NaCl, ≥ 99%), N,N,N′,N′ -tetramethylene diamine (TEMED, ≥ 99%), ammonium peroxodisulfate (APS, ≥ 98%), 2-propanol (iPrOH, LC-MS grade), lithium aluminum hydride (LiAlH 4 , 1 mol/L solution in THF), tetrahydrofuran (THF, LC-MS grade), chloroplatinic acid hexahydrate (H 2 PtCl 6 × 6H 2 O, ACS reagent, ≥ 37.50% Pt basis), allyl methacrylate (AMA, ≥ 98% with 50-185 ppm p-methoxyphenol as inhibitor), acetonitrile (ACN, LC-MS grade), spermine (≥ 97%), spermidine (≥ 99%), putrescine (analytical standard) and formic acid (LC-MS grade) were purchased from Sigma-Aldrich (Steinheim, Germany). Trypsin (sequencing grade modified) was purchased from Promega (Mannheim, Germany). Ammonium hydrogen carbonate (NH 4 HCO 3 , ≥ 99.5%) was delivered from Fluka (Munich, Germany). Sodium hydroxide solution (NaOH, 10 mol/L, Suprapur), ammonium acetate (NH 4 OAc, ACS reagent grade ≥ 97%), thionyl chloride (≥ 99.0%, reagent grade) and glacial acetic acid (≥ 99.9%) were delivered by Merck (Darmstadt, Germany). Hydrochloric acid (32% in water, analytical grade) and 1,4-dithiothreitol (DTT, ≥ 99% electran for microbiology) were purchased from VWR (Darmstadt, Germany). Sodium dihydrogen phosphate dehydrate (NaH 2 PO 4 ) was purchased from Caelo (Hilden, Germany). RapiGest was bought from Waters (Eschborn, Germany). Methanol (MeOH, HPLC grade) was obtained from Honeywell (Seelze, Germany). Toluene (HPLC grade) was purchased from Fisher Scientific (Schwerte, Germany). N-acryloylamido ethoxyethanol (AAEE,~50% solution in water, ≥ 98%, with~0.01% hydroquinone as stabilizer) was purchased from Santa Cruz Biotechnology (Heidelberg, Germany). Caffeine (water free, pharmaceutical purity) was delivered from Fagron (Barsbüttel, Germany). Deionized water was prepared using an ELGA-Veolia PURELAB Classic system (Celle, Germany). Dry toluene and THF (reagent grade, Sigma-Aldrich, Steinheim, Germany) were obtained using an M. Braun Solvent Purification System (SPS, Garching, Germany).
Preparation of tryptically digested BSA and PBS
Tryptic digestion of BSA was performed using a modified protocol as reported previously [42] . In brief, 2 μL BSA solution (c = 10 g/L in water) were mixed with 15 μL of a 0.1% RapiGest solution and with 1.3 μL 50 mmol/L aqueous DTT solution, both containing 50 mmol/L NH 4 HCO 3 . The mixture was incubated for 1 h at 60°C. Four microlitres of a 50 mmol/L iodoacetamide solution in water were added followed by mixing and incubation in the dark for 30 min at ambient temperature. Twenty microlitres of a 10 mg/L trypsin solution containing 500 μmol/L acetic acid, 86% acetonitrile and 14% water were added prior to incubation at 37°C overnight.
The phosphate-buffered saline (PBS) was made of 150 mmol/L NaCl and 10 mmol/L NaH 2 PO 4 . The pH was adjusted to 7.4 by conductometric titration with 10 mol/L NaOH utilizing a WTW inoLab pH 7110 pH meter (WTW, Dienslaken, Germany).
A freshly prepared protein solution containing the four proteins BSA, lysozyme, β-lactoglobulin and carbonic anhydrase in mass-ratios of 64:16:4:1 and an overall protein concentration of 10 g/L in PBS was used.
Preparation of fish egg samples
Five fish eggs from genetically modified zebrafish (Danio rerio) were homogenized. Five microlitres of aqueous HCl (1 mol/L) were added to an aliquot of 50 μL of the fish egg homogenate at room temperature. Then, 140 μL acetonitrile were added to precipitate interfering proteins followed by centrifugation for 15 min at 3000×g. Twenty microlitres of the resulting supernatant were used for injection.
Preparation of serum samples and extraction of protein signals
Blood was obtained from a healthy male volunteer using citrate vacutainer blood extraction tubes (SARSTEDT S Monovette 3 mL, 66 × 11 mm, citrate 3.13%, sterile, Sarstedt AG & Co., Sarstedt, Germany). Fresh blood was centrifuged directly for 10 min at 2500 x g using a 5417R centrifuge (Eppendorf Vertrieb Deutschland GmbH, Wesseling-Berzdorf, Germany). Supernatant serum was then directly aliquoted in fractions of 1 mL and stored at −80°C until use.
Several protein signals in human serum samples were extracted by Agilent MassHunter Qualitative Analysis B.06.00 software using molecular feature extraction for large molecules. Their EICs were: S1: m/z experimental = 1281.511, deconvoluted molecular mass = 17,926.65 Da, S2: m/zexperimental = 1327.542, deconvoluted molecular mass = 17,926.65 Da, S3: m/z experimental = 1145.500, deconvoluted molecular mass = 54,939.14 Da, S4: m/z experimental = 1614.502, deconvoluted molecular mass = 69,372.83 Da, S5: m/z experimental = 1814.687, deconvoluted molecular mass = 29,020.77 Da, S6: m/z experimental = 840.934, deconvoluted molecular mass = 32,755.59 Da, S7: m/z experimental = 868.031, deconvoluted molecular mass = 28,612.14 Da. We did not attempt to identify these proteins.
Capillary coating procedure
Autoclave for parallelized rinsing of multiple capillaries with corrosive solvents
To avoid corrosion of expensive CE-devices, coated capillaries were prepared using a stainless-steel autoclave, see Electronic Supplementary Material (ESM) Fig. S1 . This device was designed and manufactured in-house and offers the possibility to coat up to 8 capillaries in parallel. Capillaries with lengths of up to 2.1 m were successfully coated using a raw pressure of 8 bar. The use of longer capillaries was not investigated but is expected to be possible. Common 100-mL beakers with the different coating solutions were placed inside the autoclave, offering the possibility for excessive rinsing over long periods. The number of capillaries to be coated can be chosen using polyether ether ketone (PEEK) F-300x micro-ferrules with F-113 micro ferrule and F-385 sleeves from IDEX (Oak Harbor, WA, USA) whilst blocking and sealing remaining holes using screws and Teflon tape.
Preparation of hydrated capillary surfaces (Si-H capillaries)
Capillaries were preconditioned by consecutive rinsing with methanol, 1 mol/L HCl, 1 mol/L NaOH and water, each for 10 min at 8 bar. All solutions were used as obtained commercially; NaOH was stored in a plastic bottle to avoid degradation. The capillaries were then rinsed with thionyl chloride for 1.5 h at 8 bar, followed by 45 min with toluene and 20-22 h with 30 mmol/L LiAlH 4 solution, prepared by diluting a 1 mol/L LiAlH 4 solution in THF with a 1:1 mixture of toluene and THF. Two synthetic approaches differing in the dryness of the solvents used in this synthesis step were evaluated to determine the relevance of solvent dryness. One was performed using solvents dried using an SPS (dry solvents, batch 1) and one was performed using non-processed solvents (regular solvents, batch 2). Capillaries were then rinsed with THF for 15 min, followed by air for 5 min. For synthesis control, the EOF was determined before proceeding with the polymerization step.
Preparation of covalently bound N-acryloylamido ethoxyethanol (AAEE capillaries)
Capillaries with a Si-H surface were consecutively rinsed with MeOH and air for 5 min at 8 bar followed by incubation at 100°C for 30 min. The capillaries were then quickly filled hydrodynamically with a freshly prepared solution consisting of 26 mmol/L H 2 PtCl 6 × 6H 2 O in 74% AMA and 26% iPrOH at 1 bar for approx. 40-50 s followed by incubation at 100°C for 30 min. Afterwards, capillaries were rinsed with air at 8 bar for 1-3 min until air bubbles were observed in the outlet vial. This step was directly followed by filling the capillaries with an aqueous solution containing 0.04% APS, 0.04% TEMED and 1.5% AAEE using a pressure of 1 bar, followed by incubation at ambient temperature for 1 h. Capillaries were then emptied from reaction solution by subsequent rinsing at 8 bar for 5 min with air, 10 min with water and 10 min with ACN. For storage, the capillary was rinsed with air for 5 min at 8 bar. Reaction solutions containing AAEE were stable for at least 2 h. Reaction solutions with allyl methacrylate were stable for about 2 days. Nevertheless, we prepared fresh solutions to avoid clogging and enhance reproducibility. When optimizing the incubation times, we observed an increased risk of clogging above 45 min for reaction solutions with allyl methacrylate and above 60 min for reaction solutions with AAEE.
Capillaries can be stored under air and at ambient temperature for at least 2.5 years prior to first use as well as between different uses. Longer storage times were not investigated. Rinsing with aqueous BGE for 15 min proved to be sufficient for capillary preconditioning.
Results
Reproducibility of capillary coatings
EOF and separation performance were determined, cutting each capillaries in sections of 65 (batch 2) or 75 (batch 1) cm for measurements of EOF and peptide samples (n = 5) (see "Instrumentation, chemicals and methods"). Details on the experimental design are given in the ESM. Overall, compared to bare fused silica capillaries (μ EOF = 4.9 × 10 −4 cm 2 V −1 s −1 ), the EOF was strongly reduced showing the suitability of the presented coating strategy.
Extent of surface-coverage depicted via μ EOF : μ EOF -values were determined for each capillary from the two batches via caffeine-double-injection (n = 5) (see "Instrumentation, chemicals and methods"). Capillaries prepared in the same batch exhibited different absolute μ EOF -values, as can be seen in Fig. 2a for batch 1 (dry solvents during the hydration step) and in Fig. 2b for batch 2 (regular solvents). In the case of batch 1, 1 of 8 capillaries, but for batch 2, 3 of 8 capillaries clogged during the hydration step, which already demonstrates the importance of using dry solvents. The permeable capillaries of batch 1 exhibited Fig. 2a ). For batch 2, one capillary revealed μ EOF = 0.3 × 10 −4 cm 2 V −1 s −1 and was found not to be an outlier, although the other 4 capillaries had μ EOF > 1.2 × 10 −4 cm 2 s −1 V −1 , see Fig. 2b . Grubbs-outlier-test parameters were set as follows: batch 1 (g value = 2.09 > g crit, α = 0.05, n = 7 = 2.02, outlier confirmed) and batch 2 (g value = 1.44 < g crit, α = 0.05, n = 5 = 1.72, outlier neglected).
The mean electroosmotic mobility μ EOF of a batch was calculated via the means (n = 5) of each capillary (n = 7 for batch 1 and n = 5 for batch 2). Similar results were obtained combining the results for all single measurements (n = 35 for batch 1 and n = 25 for batch 2). When comparing the mean of both batches using a t test (2 tailed, assuming different variances and averages), the results were found not to be significantly different (p = 0.11). Therefore, electroosmotic mobilities were found to be independent of the dryness of solvent used during the coating procedure. However, higher error-bars in μ EOF values were observed for every capillary in batch 2 compared to batch 1. This indicates inferior run-to-run reproducibility for capillaries prepared using regular solvents, which emphasizes the importance of a well-optimized coating procedure.
CE-MS separation performance of tryptic peptides
The electropherogram (total ion current) for a tryptic BSA digest is shown in Fig. 3 together with extracted ion currents of six selected peptides (for details see the ESM). Separation performance was determined via effective electrophoretic mobilities to account for differences in capillary lengths due to clogging events during the coating procedure. Zero EOF at this low pH was assumed. Absolute values for all peptides and capillaries are given in ESM Fig. S3 a.
Instead of resolution and plate number, plate height (H) was determined to describe separation efficiency to eliminate the influence of different capillary lengths, see ESM Fig. S3 b. Absolute values were in the range of 5 to 60 μm, with highest values for capillary B1C5, which had the highest EOF of batch 1 and poorest performance (see Fig. 2 ). Quantitative Relative standard deviations were calculated for intra/inter-capillary and intra/inter-batch differences (for details on the calculation see the ESM). As the results for all peptides were very similar, Table 1 gives mean values. With regard to intra-capillary differences, RSD(μ eff ) ranged from 0.9% to 2.4%, RSD(H) from 3.4 to 13.8% and RSD(A) from 4.5 to 16.5%, which indicates a slightly better reproducibility of μ eff but about two fold better reproducibility of A and H for batch 1. The results show (i) similar trends in RSDs for μ eff , A and H, which all increased in the order B1C2, B2C3, B2C4 to B1C1 (see Table 1 ). This shows that the coating quality is vital for all parameters of a separation including quantitative precision. (ii) Overall, lower RSDs and thus higher precision were obtained for capillaries of batch 1, pointing out to the importance of solvent dryness during the hydration step as already indicated by the number of clogged capillaries and higher EOF repeatability (Section "Reproducibility of capillary coatings"). However, the strong differences in precision comparing the results from different capillaries also shows that the synthesis is not yet fully reproducible (see also "Reproducibility of capillary coatings").
The intra-batch capillary relative standard deviations for μ eff , A and H were as follows: batch 1 (batch 2): RSD (μ eff ) = 12.6% (11.6%), RSD(H) = 33.8% (34.0%) and RSD(A) = 19.0% (26.2%). Except for peak area, RSDs were comparable for batch 1 and batch 2. Relatively high intrabatch variances were observed for migration time, peak area as a quantitative parameter and plate height as a measure for separation efficiency (for further discussion, see Data obtained using a B1C2 (best capillary of batch 1), b B1C1 (capillary of batch 1 with the poorest performance), c B2C3 (best capillary of batch 2) and d B2C4 (poorest capillary of batch 2). e Median of intra-capillary RSD for both capillaries of batch 1. f Median of intra-capillary RSD for all capillaries of batch 2. g Intra-batch standard deviations of batch 1 when omitting B1C5 as outlier calculated as described in the text. For details on the calculation, see the ESM.
"Reproducibility of capillary coatings"), but these were observed to be independent from the dryness of the solvent used in the hydration step.
Inter-batch comparability is visible comparing differences in μ eff , A and H for capillaries of both batches in ESM Fig. S3 and Table 1 . For μ eff , trends are consistent for all peptides: No significant differences were found between both batches regarding μ eff (p values between 0.33 and 0.36), H (p values between 0.46 and 0.92) as well as A (p values between 0.20 and 0.95). The overall precision for all 30 measurements (4 + 2 capillaries) with 5 consecutive runs each, named inter-batch capillary precision, were determined to: RSD (μ e f f ) = 18.3%, RSD(H) = 55.7% and RSD(A) = 22.5%.
Stability towards harsh rinsing conditions
Electroosmotic mobilities, plate heights (H), peak areas (A) and effective electrophoretic mobilities (μ eff ) were determined for 6 tryptic peptides before and after consecutive rinsing with 1 mol/L HCl, acetonitrile, 1 mol/L NaOH, commonly utilized for cleaning bare fused silica capillaries in CE-UV-setups. Before and after each rinsing step, five repeated measurements were made, see ESM Fig. S2 for the measuring scheme. The capillaries of each batch with already poorest separation efficiency (B1C1 with μ EOF = 0.7 ± 0.0 × 10 −4 cm 2 V −1 s −1 and B2C4 with μ EOF = 2.3 ± 0.1 × 10 −4 cm 2 V −1 s −1 ) were chosen in order to show that even poorest coating surfaces offer good properties regarding the stability of the Si-C bond and do not show accelerated degradation even under extreme pH conditions.
As shown in Fig. 4 , for capillary B1C1 from batch 1 no significant change in μ EOF values was observed prior to rinsing with 1 mol/L NaOH (t test, 2 tailed, assuming different variances and averages, p value = 0.00). After this rinsing step μ EOF values almost doubled, indicating a possible slight degradation of the surface-bound polymer. However, no peak broadening for the model peptides occurred (see plate heights in ESM Fig. S4 ). Thus, it is likely that coating degradation is low and effects are rather due to residual silanol groups and hysteresis. For the capillary from batch 2 (B2C4), higher absolute μ EOF values than for Batch 1 were observed. After rinsing with 1 mol/L HCl, μ EOF values decreased from 3.4 to 2.3 × 10 −4 cm 2 s −1 V −1 , followed by a steady increase in μ EOF values afterwards. This indicates the presence of remaining silanol groups at the surface which lead to prolonged equilibration times of surface charges due to hysteresis [43] . After rinsing with 1 mol/L NaOH μ EOF values were insignificantly lower than those found for the original surfaces. Overall, this indicates only a minor degradation of the surface coating despite the harsh rinsing conditions. Overall, the AAEE-coated capillaries proved to have more stable surfaces and a broader pH working range than commercially available PVA-capillaries, which are limited to pH < 2.5 and pH > 10 (product information by Agilent Technologies, Waldbronn, Germany).
Effective electrophoretic mobility of model peptides in a tryptic digest of BSA decreased using the capillary B1C1 after rinsing with 1 mol/L HCl, see ESM Fig. S4 a. In contrast, resistance to further changes regarding rinsing with acetonitrile and 1 mol/L NaOH was observed.
Comparable observations were made for B2C4 except for peptides 5 and 6, which exhibited higher μ eff values after rinsing with 1 mol/L HCl which resulted in faster migration than peptide 2. Furthermore, rinsing with 1 mol/L HCl revealed increased separation efficiencies for all peptides for both capillaries as can be seen by the decrease of the plate height H in ESM Fig. S4 b. HCl rinsing showed the strongest effects, whereas rinsing with NaOH or acetonitrile did not influence separation performance, or peptides reacted differently.
Peak areas slightly decreased for peptides 2-6 after rinsing with 1 mol/L HCl in B1C1 (see ESM Fig. S4 ). No significant 1 mol/L HCl Fig. 4 μ EOF values obtained during stability testing. The stability of the covalently bound coating was investigated using one capillary from each batch (B1C1, indicated by the red squares and B2C4, indicated by the blue triangles). The capillary was rinsed with (i) 1 mol/L HCl, acetonitrile and 1 mol/L NaOH for 1 h at 1 bar each. The electroosmotic mobility was determined before and after rinsing steps (n = 5) as described in "Instrumentation, chemical and methods". Vertical lines indicate the measurements in-between which rinsing was conducted. changes were observed for B2C4. However, for both capillaries peak areas of Peptide 1 seemed to be lowered by a factor of 2 after rinsing with 1 mol/L HCl. For this peptide, however, peak widths were too small to allow a reliable quantification at the data rate of 2 spectra/s.
Application of AAEE-coated capillaries to complex samples
Capillaries covalently coated with AAEE via an Si-C linkage were applied for the separation of large intact proteins as well as small and highly charged polyamines using the acidic BGE of acetic and formic acid during the reproducibility and robustness testing.
Analysis of highly charged polyamines in fish eggs
An AAEE capillary was successfully applied for the separation of the polyamines spermine, spermidine and putrescine in egg homogenates from a genetically modified zebrafish (Danio rerio) from experiments in systems biology [44] . Three samples were investigated, each an acidified aqueous extract of fish egg homogenates. A high separation efficiency of N = 2.4 × 10 5 , H = 4.1 μm and peak base widths of 6-12 s (see Fig. 5a ) also manifests in the uniformly high-resolution R (R ≈ 7.1 between putrescine and spermidine and R ≈ 2.9 between spermidine and spermine). The high repeatability of migration times (RSD (t mig ) = 0.4% for aqueous standard samples and RSD (t mig ) < 3% for fish eggs) and peak area (RSD(A) = 6.4-17.3%) are remarkable given that these amines are normally used as dynamic coating agents in CE-UV experiments [16] . The slightly lower reproducibility regarding both, peak area and t mig for the fish egg samples was due to matrix effects. No signs of degradation or contamination of the capillary surface were observed during the series of 27 experiments. Only rinsing with BGE for 300 s was necessary between runs Fig. 5 .
Separation of intact protein standards and intact human serum proteins
Electropherograms for intact proteins revealed symmetrical peaks, both for pure proteins dissolved in PBS (Fig. 5b, c) and proteins in serum mixed with PBS 1:1 (see Fig. 5d-f ). This indicates low adsorption on the capillary surface. For capillaries with a length of 73 cm (see Fig. 5b , d-f), peak widths at the base in the range of 1 min and broader were obtained for the proteins. Good separation from sodium ions is visible. At this low pH, the overall analysis time was below 10 min. Insufficient separation of proteins was due to sampleinduced transient isotachophoresis (tITP) due to the use of PBS as sample matrix. Successful separation was achieved using a longer capillary (100 cm in length), as shown in Fig.   5c . RSD (t mig ) values obtained were different for each protein. These were reduced from 2.3-7.3% for the 73-cm long capillary to 1.9-2.0% for the 100-cm long capillary. Further attempts to increase the separation performance (e.g. preliminary reduction of sodium concentration or varying BGE composition regarding e.g. pH or composition), were not made, since the goal of this study was mainly to show coating stability and suitability with intact protein analysis. For intact protein standards, 40 consecutive runs were made without changes in the performance. Rinsing with 50 mmol/L HCl for 2 min followed by rinsing with BGE for 3 min, both at 1 bar, was sufficient.
Afterwards, human serum, only 1:1 diluted with PBS, was injected. A representative electropherogram is shown in Fig.  5d (1st measurement of serum on this capillary, conducted directly after measurements of standard proteins) with some mass traces of intact proteins not further identified. Peak base widths of 1 min and higher were obtained. Broader signals were obtained compared to pure PBS matrix, presumably due to the higher complexity of both protein isoforms and sample matrix. In Fig. 5e , f, the electropherograms of the last two successful measurements (nos. 28 and 29) with serum are shown. The following run failures are most likely due to clogging or a broken capillary. Matrix deposition on the coated surface is unlikely given the stable current profile in run 29.
Overall, more than 140 electropherograms (approx. 100 h measurement time) were recorded with intact proteins and serum samples without special rinsing protocols. We expect even better applicability when using appropriate rinsing protocols or some sample preparation.
Discussion
Improvements of the AAEE covalent coating
Despite the challenges during the hydration step regarding moisture, which are also discussed in literature [22] , we were able to design a synthetic strategy to covalently couple AAEE to the silica surface via stable Si-C bonds. First, Si-H surfaces were prepared using pure thionyl chloride and 30 mmol/L LiAlH 4 . An inert atmosphere was not required for this reaction step. Using dried solvents in this reaction step neither impacted electroosmotic flow velocities nor separation efficiency. However, the reaction procedure had to be optimized to reduce clogging events by: (i) using pure thionyl chloride, (ii) using low concentrations of LiAlH 4 in a 1:1 mixture of THF and toluene and (iii) collecting the rinsing solvent in hydridequenched THF:toluene. With a simple pressurized autoclave, we were able to coat up to 8 capillaries in parallel, each 2.1 m long, giving rise to up to 24 capillaries of 65 cm in length suitable for CE-MS analysis. Longer capillaries were not tested. This batch-wise processing reduced the coating procedure to 2.5 h per capillary. We want to stress that the coated capillary surfaces were stable enough to allow long-term storage at ambient conditions even after use.
Compared to the coating of particles for chromatography, rinsing allowed us to work with at least 10.000-100.000-fold excess of thionyl chloride and LiAlH 4 [35] . We assume this circumstance to strongly favor both, Si-Cl and Si-H surface group formation. The capillary format revealed further advantages: drying capillaries after Si-H formation took only 1 h instead of 6 h in particle coating reactions, and Speier-catalytic linkage was strongly accelerated from 24 h to 30 min due to a 100-fold higher amount of the catalyst compared to literature [22, 35] . Overall, preparation times could thus be reduced to 2 days.
Reproducibility and stability of prepared capillaries
For intra-capillary repeatability, very good results were found for each capillary with RSD(μ eff ) varying between 0.9 and 2.4%, see Table 1 . For capillary-to-capillary reproducibility RSD(μ eff ) was found to be 11.6% and 12.6% for intra-batch and 18.3% for interbatch. This aspect is hardly investigated in literature on covalently coated capillaries. For non-charged and statically adsorbed PVA, Xu et al. [45] observed column-to-column RSD(t mig ) < 1% in CE-UV using phosphate buffer (n = 10 capillaries, 3 runs each). Belder et al. [7] reported an RSD(t mig ) 1.2% (single capillary, n > 900 runs), also utilizing CE-UV and phosphate BGE. We emphasize that, to the best of our knowledge, no literature is known dealing with capillary-to-capillary reproducibility of covalently bound and non-charged coatings with CE-MS hyphenation. Only highly charged capillaries prepared via successive multiple ionic polymer layers (SMIL) exhibit the desired capillary-to-capillary reproducibility in CE-MS. The typically high thickness (up to 1 μm) of polymer layers results in complete shielding of inhomogeneous silica, which then provides the desired reproducibility. For instance, the group of Asakawa et al. [1] presented RSD(μ EOF ) < 1%. Lysozyme, ribonuclease A, and cytochrome C were separated on a covalent coating with linear polyacrylamide [46] using CE-UV with an automized coating regeneration process, which involved partial recoating with reaction mixtures over more than 1 h, which has a limited applicability for CE-MS analysis due to a possible fouling of the ions source and more significantly also of the MS transfer capillary. RSDs of migration times 0.5-0.7% were obtained at low pH. The use of a noncovalent coating made of a triple layer (polybrene-dextran sulfate-polybrene) revealed interday RSD for migration time and peak area below 2% and 10%, respectively in a BGE of 50 mM acetic acid (pH 3.0) using CE-MS [6] . Similarly, Catai et al. reached migration time precision of less than 1% RSD using a bilayer coating of polybrene and poly (vinyl sulfonic acid) in CE-MS, however with a BGE of elevated pH (7-9) [47] . Chromatographic particles prepared using sol-gelsynthesis are expected to have very homogeneous surfaces, leading to the excellent column-to-column reproducibility often observed [48] . E.g. very low RSD values in the range of 0.5-0-6% were obtained for commercially available Kromasil C 18 -columns regarding the retention factor [48] . No surface degradation or adsorption are presumed here. For AAEE coating, we thus assume that a major factor still contributing to high inter-and intra-batch variability is the highly amorphous and heterogeneous bare fused silica surface, which is not fully homogenized by our current preconditioning procedure [49, 50] , showing the necessity to develop new strategies for capillary preconditioning.
Stability of capillary surfaces due to preparation via Si-H route
In our study, we focused on a protocol for the preparation of a neutral covalently coupled coating, which can withstand very harsh rinsing conditions, and separation conditions at very low pH often applied for CE-MS analysis of peptides and proteins. The ruggedness of surface coating both for capillary surfaces and for particles decreases in the order Si-C > Si-O-Si-C > Si-O-C [32, 51, 52] . The Si-C coupling approach was chosen accordingly, using the polymer AAEE known to have excellent stability at high pH conditions [21] and hydrophilicity which could be expected to prevent protein adsorption. We demonstrate that especially capillaries from batch 1, synthesized using dried solvents were well suited for peptide and intact protein analysis, as they withstood both acid-and base-induced degradation upon rinsing with 1 mol/L HCl and NaOH (see Fig. 2 ) with only minor surface degradation. Overall, surface coverage was high for capillaries from batch 1, visible by the lack of hysteresis effects in contrast to batch 2 capillaries. However, with the very harsh rinsing conditions chosen here, some minor degradation processes may be assumed: First, base-induced dissolution of Q 3 -silica (Si-OH) from non-coated regions of the capillary may occur. This degrades previously stable T 3 to hydrolytically unstable T 2 entities (Si-C), as discussed by the group of Yoreo et al. for Q 3 and Q 2 -silica [53] . Bleeding of surface-bound polymer would result, which was, however, not observed during CE-MS analysis. A further coating optimization would thus have to ensure a complete transformation of Si-OH into Si-H groups and a complete reaction of Si-H to Si-C functionalities. Then, this type of degradation will not be observed, and degradation stability of surface-bound polymer matches or (due to steric Electropherograms in b and d-f were obtained using capillary B1C1 (73 cm in length). The electropherograms presented in a and c were recorded using a capillary (100 cm in length) from another batch after 2.5 years of storage at ambient conditions in-between. a The electropherogram of a separation of an extract of a fish egg homogenate is shown. Sample preparation was as described in "Instrumentation, chemicals and methods". In-between runs the capillary was rinsed with BGE for 300 s. Injection was conducted for 7 s at 100 mbar. EICs of compounds of interest [44] reasons) exceeds the stability of the free polymer. Second, degradation of surface-bound polymer species could occur. However, we presume this influence to be negligible as our rinsing times at ambient temperature are small and the longterm stability of free polymeric AAEE was shown to be high in both, 0.1 mol/L HCl and NaOH at 70°C [21] .
Our results show that predominantly surface coverage may require further optimization. We thereby propose more drastic protocols for silanol surface activation prior to surface modification or implement grafting conditions. Another option would be to increase the thickness of the polymer, e.g. via cross-linking so that penetration by base is hindered.
Application of coated capillaries for complicated separations
Polyamines: High precision and excellent separation performance were achieved for the separation of polyamines in fish egg extracts, which are often used as dynamic coating agents in the BGE themselves [8, 16, 54] . Some variability between consecutive runs can be attributed to the extremely high electrophoretic mobilities of the polyamines whose mobilities are the range of potassium and sodium ions so that transient ITP phenomena are present, especially in real samples with higher matrix load. Direct analysis of acidic extracts was possible without the need for derivatization of the polyamines [55] . No carryover effects, no decrease in performance or drifts in migration times were observed during our experiments in contrast to CE-UV analysis using phosphate and citrate BGEs on a non-coated capillary [56] . There, the authors observed shifts in migration times of up to 1 min despite rinsing with 0.1 mol/L NaOH between runs, presumably due to unwanted coating of the capillary surface with polyamines left underivatized during sample preparation. Simo et al. [57] published the analysis of non-derivatized polyamines in wines using CE-MS with slightly better RSD(A) ≈ 4.6-5.9% for standard samples and > 10% in wine samples.
Intact proteins: The separation of intact, acidic proteins using CE-UV and AAEE-coated capillaries was presented by Chiari et al. [2] who first used a covalent AAEE coating with excellent separation efficiencies and precision with RSD(t mig ) = 0.5-2% but lower precision for the more hydrophobic polyacrylamide coating (RSD(t mig ) = 1-5%). In our study with covalently coupled AAEE we also achieved RDS(t mig ) ≤ 2% when using long capillaries necessary to dissolve the sample-induced tITP-state present (see "Separation of intact protein standards and intact human serum proteins"). However, in the approach by Chiari et al. [2] a high coating stability for long measurement series (300 runs of 20 min, 100 h) at pH 8.5 was only achieved when combined with a statically adsorbed coating. Every 15 h, this coating was applied dipping inlet and outlet into a solution with methylcellulose for 20 min. In our approach, overall, 140 runs over 100 h measuring time were conducted using B1C1. No further capillary treatment was necessary except rinsing with 50 mmol HCl and BGE between runs, even when serum samples diluted 1:1 with PBS were analyzed. However, clogging due to protein coagulation or capillary breakage occurred after about 30 consecutive runs with serum samples.
Despite our good repeatability, we were not able to achieve the same high separation efficiencies for intact proteins (plate numbers N < 2000) as Chiari et al. [2] (N = 1.3-5.9 × 10 5 ), which can at least in part be explained by the different BGE (regarding pH and ionic strength) used in our CE-MS study which precluded the use of non-volatile methylcellulose or "GOOD-buffers", which have been shown to be advantageous for protein separation already at low concentrations by de Jong et al. [58] . As described in "Instrumentation, chemicals and methods", an acidic BGE at pH 2.2 [42] was used here, which is in good accordance with typical practice in CE-MS [14] .
Conclusion
In this study, we demonstrate that covalent coupling of the hydrophilic polymer AAEE to the capillary surface is possible via a direct linkage via Si-C-bonds. Superiority of the presented approach over regular covalent coating approaches using silanol chemistry is due to the formation of Si-C in T 3 groups as described in "Introduction and motivation". The coating procedure was parallelized to allow simultaneous coating of 16-m capillaries with similar performance over the whole length, which is advantageous given the possibility of longterm storage at ambient conditions (at least 3 years), even after use. Overall, capillary coating times of 2.5 h per capillary were achieved. The optimized synthesis was straightforward without the need for an inert atmosphere. The high excess of thionyl chloride and LiAlH 4 during rinsing steps allowed us to speed up the reactions compared to particle coatings for LC. Our results demonstrate that the coating gives reproducible results for both, small molecules known to easily adsorb to capillary surfaces, as well as peptides and proteins, even in a complex serum matrix. Further improvement will focus on preconditioning methods for more homogeneous capillary surfaces to further increase both, stability and capillary-tocapillary reproducibility.
